Short electromagnetic pulses experience significant spectral and temporal deformation when diffracted on subwavelength apertures. Temporal delay/advancement is one of the effects that occurs when a pulse passes through the aperture. In this study, it is demonstrated that the intrinsic negative chirp of terahertz pulses is the origin of the temporal advancement in the limit that the aperture is much smaller than the wavelength of the pulse. The advancement is shown to disappear for unchirped terahertz pulses. The chirp effect is general for any system where the diffracted or scattered field is wavelength dependent. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1452786͔
Far-infrared single-cycle electromagnetic pulses, also known as terahertz ͑THz͒ pulses, have been a fruitful research area for the past decade. The time-domain measurement of the electric field of a free-space traveling short pulse allowed studies of basic electromagnetic phenomena, such as surface waves 1 and wave tunneling. 2 Applications of THz pulses in spectroscopy and imaging have been helpful in exploring the far-infrared region of the electromagnetic spectrum. 3, 4 Recent studies of THz pulse coupling through an aperture of a near-field probe showed that the transmitted pulses experience spectral and temporal deformation. 5 In particular, the THz pulse appears compressed and temporally advanced if the aperture size is much smaller than the central wavelength of the pulse spectrum. In this letter, we demonstrate that the effect of temporal advancement is due to the intrinsic negative chirp of the THz pulses generated by a photoconducting antenna.
First, we overview general properties of electromagnetic wave transmission through small apertures in a conducting screen. Then, we analyze the special case of broadband THz pulses, when the wavelength of the spectral components is much larger than the aperture size. We show that the intrinsic negative chirp results in temporal advancement of the pulse center after transmission through the aperture. Finally, we demonstrate experimentally that the envelope of an unchirped THz pulse does not experience the advancement.
When an electromagnetic wave is incident normally on a subwavelength aperture, only a small fraction of the wave transmits through it. The electric-field amplitude of the diffracted wave scales as the third power of the aperture size. 5 Therefore, studies of waves transmitted through apertures smaller than /20 require a sensitive detection technique. Depending on the distance from the aperture behind the screen, the space can be divided in two zones: a far-field zone, where the field can be considered as radiated by a point-like source located in the aperture site; and a near-field zone, where both radiating and evanescent modes exist. The diffracted field amplitude in the far-field zone is smaller compared to that in the near-field zone, which extends, however, only to the distance of order of the aperture size. 6 To gain sensitivity, measurements are conducted in the near-field zone.
In the experimental setup, the aperture is formed directly on a thinned GaAs substrate of a detecting photoconductive antenna. 7 The aperture screen is made of a 600 nm gold film and the aperture position is aligned with the antenna center on the optical axis. The thin ͑5 m͒ layer of GaAs separates the aperture plane from the antenna. THz pulses are focused on the aperture through a hyperhemispherical Si lens placed in contact with the aperture screen. Since high-refractiveindex materials ͓n GaAs ϭ3.59, n Si ϭ3.42 at 0.2-0.5 THz ͑Ref. 8͔͒ surround the aperture, the effective wavelength of radiation is smaller by a factor of n eff ϳ3.5. Another antenna is fabricated without the metallic screen and used as a reference. Time delay due to the aperture is found by comparing the wave forms of the reference pulse and the pulse transmitted through the aperture. The positions of elements in the setup are controlled with accuracy better than 5 m, therefore, the experimental error due to interchanging antennas with and without the aperture screen is less than 0.02 ps.
Diffraction on a small aperture is wavelength dependent. The electric field of the diffracted wave is proportional to the inverse square of the wavelength in the limit that the observation point is far from the aperture. The behavior, however, is different at short distances, where correction terms must be included in the solution. 9 The experimentally measured dependence of the transmitted field is shown in Fig. 1 . The effective wavelength is presented in dimensionless units ͑normalized to aperture size d͒. The transmission coefficient, defined as the ratio of the spectral amplitude of the electric field behind the aperture ͑in the near-field zone͒ to that of the incident pulse, approximately follows a 3/2 power law for apertures 0.02Ͻdn/Ͻ0.2. The coefficient varies by as much as an order of magnitude between 0.1 and 0.5 THz. Therefore, broadband THz pulses experience strong spectral and temporal deformation after propagation through the aperture. In a system that preferentially transmits shorter wavelengths, the chirp of the incident pulse defines whether the leading or the trailing edge of the pulse is suppressed after a͒ Electronic mail: olegm@lucent.com APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 8 25 FEBRUARY 2002 transmission. In the latter case, the transmitted pulse appears as advanced through the aperture.
To observe this effect, the diffracted pulse duration must not be larger than that of the incident pulse. A rapid change of the transmission coefficient within the pulse spectrum can cause spectral narrowing and, consequently, pulse spreading. The transmission coefficient for a subwavelength aperture changes most rapidly when eff approaches 2d. For a shorter wavelength, the transmission coefficient remains close to unity. If the incident spectrum peaks at eff ϳ2d, the longwavelength components ( eff Ͼ2d) are strongly suppressed, while the short-wavelength components are practically unaffected. The spectrum of the transmitted pulse narrows in this case, and the pulse duration increases. 5 The effect of temporal advancement, therefore, is masked by the pulse spreading. When the incident pulse spectrum peaks at eff ӷ2d, the transmission coefficient is small and relatively uniform for the central spectral components. However, the transmission increases for shorter wavelengths and the bandwidth of the pulse extends. In addition, the spectral components of the transmitted THz pulse must be negligible at eff ϳ2d. The latter requirement is usually fulfilled for the THz pulses, since the spectral amplitude exponentially decreases with frequency ͓Fig. 2͑a͔͒.
Spectral deformation is schematically shown in Fig. 2͑b͒ as a function of the aperture size normalized to the pulse peak wavelength. The transmission coefficient is assumed to vary as eff Ϫ3/2 for eff Ͼd/2, and to remain constant for shorter wavelengths. As a result of transmission through the aperture, the spectral peak shifts to higher frequencies. The bandwidth of the pulse passes through its minimum and then increases as the aperture size decreases.
Electromagnetic pulses generated by transient currents in the photoconductive switches are usually negatively chirped. A femtosecond optical pulse generates free carriers in a biased active area of the switch. The photocurrent in the switch builds up during the optical excitation and then decays with a characteristic time of the carrier trapping and recombination processes. A typical rise time is ϳ100 fs ͑defined by the duration of the optical pulse͒, while the decay is ϳ1 ps ͓for low-temperature-grown GaAs ͑Ref. 10͔͒. The transient photocurrent produces a free-space traveling electromagnetic pulse with a temporal wave form proportional to the photocurrent time derivative. 11 Since the photocurrent varies rapidly in the moment of optical excitation, the radiated pulses carry a quicker field oscillation in the leading edge, corresponding to the photocurrent dynamics.
For experimental verification of the chirp effect, we compare transmission through a subwavelength aperture for chirped and unchirped THz pulses. The character of the THz pulses is controlled through the duration of the exciting optical pulse. The photocurrent rise time can be increased to a level of the decay time in the THz emitter. Consequently, the corresponding radiated electromagnetic pulse does not contain the fast oscillation at the leading edge. Therefore, the chirp of the THz pulse is minimized by adjusting the duration of the optical excitation.
The chirped pulses are naturally generated using 100 fs pulses from the Ti:sapphire laser, which excite a biased photoconductive antenna fabricated on the low-temperature- grown GaAs. The same pulses are used to gate the detecting antenna. The spectrum of the detected pulse peaks at 0.5 THz with a bandwidth of 0.57 THz, and the pulse duration is 2.0 ps. After transmission through a 10 m aperture, the center of the chirped pulse shifts forward by 0.3 ps, as shown in Fig. 3 . The trailing edge of the pulse is suppressed, which results in noticeable pulse compression to 1.4 ps. The bandwidth of the pulse increases to 0.64 THz.
In the experiment with unchirped THz pulses, the detecting antenna is gated by the 100 fs pulses as in the first setup. However, for generation of the THz radiation, the pulses from the laser are temporally stretched to ϳ1 ps using a pair of diffraction gratings. This scheme generates lowfrequency unchirped THz pulses. The measured full width of the electric-field envelope at half maximum is 3.4 ps. The spectrum peaks at 0.25 THz and the bandwidth is 0.22 THz. Figure 4 shows that the unchirped THz pulse transmits through the aperture without temporal delay. Despite a phase shift and a higher oscillation frequency of the electric field, the envelope function is practically unchanged. The pulse is only slightly compressed by a factor of 0.94. The spectrum shifts to higher frequencies and the bandwidth increases to 0.32 THz.
The experimental results demonstrate that chirp controls the temporal position of the THz pulse transmitted through the subwavelength aperture. The chirp sign defines the direction of the temporal shift. This effect is primarily important in near-field time-resolved imaging and spectroscopy, where a subwavelength aperture is used in the near-field probe. However, the effect is not limited to diffraction on apertures. Similar effects are expected in any system, where a diffracted or scattered field strongly depends on the wavelength ͑e.g., Rayleigh scattering͒. In Ref. 12 , for example, the authors calculated scattering of short optical pulses by small dielectric spheres. For positively chirped pulses, they found that the envelope of the scattered pulses is delayed, and the delay time increases with the chirp parameter. In general, scattering by an electric dipole, which gives the leading contribution if the scattering object is smaller than the wavelength, is proportional to Ϫ2 . Due to the wavelength dependence of the scattered fields, chirp controls delay of the scattered pulse in the same manner as in diffraction through the aperture.
In conclusion, we demonstrate experimentally that the temporal advancement of THz pulses in diffraction by a subwavelength aperture is due to the intrinsic negative chirp. The effect is clearly observed only for sufficiently small apertures, when the bandwidth of the transmitted pulse exceeds the bandwidth on the incident pulse. The temporal advancement can be removed by eliminating the chirp of the THz pulse. For pulses generated by transient current in lowtemperature GaAs switches, the chirp is eliminated when long (ϳ1 ps) optical pulses are used to excite the photoconductor. FIG. 4 . Temporal deformation of the unchirped THz pulse due to transmission through the 10 m aperture. The dashed lines indicate squared, normalized electric-field wave functions, and the shaded area shows the Gaussian envelopes of the pulses. Ratio of the peak intensity of the transmitted pulse to that of the incident pulse is 3.7ϫ10
Ϫ5 .
